showed differential DNA methylation in adipose tissue from unrelated subjects with T2D compared with control subjects. A total of 1,410 of these sites also showed differential DNA methylation in the twins discordant for T2D. For the differentially methylated sites, the heritability estimate was 0.28. We also identified copy number variants (CNVs) in monozygotic twin pairs discordant for T2D. Taken together, subjects with T2D exhibit multiple transcriptional and epigenetic changes in adipose tissue relevant to the development of the disease.
The susceptibility for type 2 diabetes (T2D) increases with age, physical inactivity, and obesity in subjects with a genetic predisposition (1) . However, the exact molecular mechanisms causing the disease still remain unknown.
Adipose tissue has a central role in whole-body energy metabolism as a dynamic store of triglycerides, and as an endocrine organ that coordinates energy intake and use by other tissues (2) . In individuals with T2D, this function is frequently perturbed by an impaired response of the adipocytes to insulin resulting in elevated lipid levels in circulation and storage in alternative tissues such as liver, muscle, and pancreas (3) .
One link between environment and disease is epigenetics influencing gene transcription and subsequently organ function (4) . We have previously shown that epigenetic modifications may accumulate during aging (5, 6) , and that DNA methylation in humans is influenced by diet, birth weight, and exercise (7) (8) (9) (10) , suggesting that epigenetics could be involved in age-related and life style-related diseases such as T2D. Indeed, studies from our group and others (11) (12) (13) (14) (15) (16) (17) have identified epigenetic modifications in patients with T2D; e.g., we found subtle nongenetic methylation differences in adipose tissue from five monozygotic (MZ) twin pairs discordant for T2D using the Infinium 27k array (13) . Nevertheless, our knowledge about the role of epigenetics in the growing incidence of T2D remains limited, and the genome-wide expression profile has, to our knowledge, not been linked to the epigenome in adipose tissue of diabetic patients. Therefore, our aim was to investigate genome-wide differences in expression and DNA methylation in adipose tissue from MZ twin pairs discordant for T2D. This study design allows the elimination of confounding factors such as genotype, age, and sex. The causes of incomplete concordance between MZ twins are traditionally explained by nonshared environmental factors. To investigate the importance of our findings in the general population, the expression of selected genes was validated in case-control cohorts. Finally, heritability of DNA methylation was estimated in adipose tissue from nondiabetic twins, and the genomewide methylation pattern was analyzed in adipose tissue from a case-control cohort of unrelated subjects.
RESEARCH DESIGN AND METHODS

Study Participants
Discordant Twins
Fourteen MZ twin pairs discordant for T2D were recruited through Scandinavian twin registries (18) ( Table 1) . Five of the twin pairs have previously been studied using the Illumina (San Diego, CA) 27k array (13) . Zygosity was confirmed and copy number variants (CNVs) predicted by analysis of 730,525 genetic markers using HumanOmniExpress arrays (Illumina).
Case-Control Cohort 1
One hundred twenty unrelated subjects with normal glucose tolerance (NGT) or T2D were included for biological validation (Table 1) . They have previously been described (19) .
Case-Control Cohort 2
The characteristics of 28 NGT and 28 T2D unrelated subjects, pairwise matched for age and sex, and selected from a larger twin cohort (20, 21) are shown in Table 1 .
Twin Cohort for Heritability Estimates
Ten MZ and 10 same-sex dizygotic (DZ) twin pairs, all with NGT, were selected from a larger cohort (20, 21) and used for heritability estimates (Table 1) . Zygosity was confirmed by genetic markers. In discordant twins, 11% of the T2D subjects received insulin treatment, 33% received oral agents (metformin, sulfonylurea, or rosiglitazone), and 33% received both insulin and oral agents. Patients with diabetes in case-control cohort 1 were on average 12 years younger than the discordant twins. None of the subjects received insulin treatment and 50% received oral agents (metformin, sulfonylurea, or sitagliptin).
c P , 0.05, T2D vs. nondiabetic/NGT subjects. Fat percentage was measured using bioimpedance.
e Data of self-reported physical fitness was retrieved from a questionnaire (levels 1-5 [1, poor physical fitness; 5, very high physical fitness]).
f P , 0.001, T2D vs. nondiabetic/NGT subjects.
All study participants provided written informed consent, and the studies were approved by local ethics committees.
Clinical Examination
After an overnight fast, participants visited clinics for metabolic characterization, and subcutaneous adipose tissue biopsy samples were obtained under local anesthesia, frozen immediately in liquid nitrogen, and stored at 280°C. Glucose tolerance was measured by a 75-g oral glucose tolerance test.
RNA and DNA Extractions From Adipose Tissue RNA was extracted using the miRNeasy kit followed by the RNeasy MinElute Cleanup kit (Qiagen, Hilden, Germany) for twins or by TRIzol (Invitrogen, Carlsbad, CA) for nontwins. DNA was extracted using the DNeasy Blood and Tissue kit (Qiagen). DNA/RNA quantity and purity were determined by spectrophotometry (NanoDrop Technologies, Wilmington, DE), and RNA integrity was determined using the Experion system (Bio-Rad, Hercules, CA).
Expression Arrays
mRNA expression was analyzed in adipose tissue from discordant twins using GeneChip Human Gene 1.0 ST arrays (Affymetrix, Santa Clara, CA) according to the manufacturer's recommendations. We computed Robust Multichip Average expression measures using the Oligo package in Bioconductor (22).
Gene Set Enrichment Analysis
We applied gene set enrichment analysis (GSEA) (23) to expression array data using KEGG (Kyoto Encyclopedia of Genes and Genomes) pathways. All probes corresponding to transcripts were used and ranked according to the t statistics in a paired t test. GSEA was run with the highest occurrence for genes with multiple probes and considered pathways with 1-500 transcripts.
DNA Methylation Arrays
DNA methylation was analyzed in adipose tissue of discordant twins, case-control cohort 2, and the twin cohort for heritability estimates using Infinium HumanMethylation450 BeadChips (Illumina). This array contains 485,577 probes, which cover 21,231 (99%) RefSeq genes (24) . DNA was treated with bisulfite using the EZ DNA Methylation kit (Zymo Research, Orange, CA). Analysis was performed following the Infinium HD Assay Methylation protocol (Illumina). To avoid a batch effect, co-twins and matched pairs were hybridized on the same chip. The bioinformatics analyses were performed as previously described (9) . Probes with a mean detection P value of .0.01, non-cytosine guanine dinucleotide (CpG) probes, Y-chromosome probes, and 65 single nucleotide polymorphism (SNP) probes were removed. b-Values, ranging from 0 to 100% methylation, were used to report the outcome.
Validation of Expression Array Data
cDNA was produced using the QuantiTect Reverse Transcription Kit (Qiagen). mRNA levels were detected with the ViiA 7 Real-Time PCR System (Applied Biosystems, Foster City, CA) using probe/primers for ELOVL6 (Hs00907564_m1), GYS2 (Hs00608677_m1), FADS1 (Hs00203685_m1), SPP1 (Hs00959010_m1), CCL18 (Hs00268113_m1), IL1RN (Hs00893626_m1), S100A4 (Hs00243202_m1), and SLC37A2 (Hs00400129_m1). Samples were run in duplicate and normalized to HPRT expression (4326321E; Applied Biosystems). NormFinder (25) software demonstrated stable HPRT expression.
Mitochondrial DNA Content
Assays (Hs02596879_g1, Hs02596860_s1 and Hs02596867_ s1; Applied Biosystems) targeting ND6, RNR2 and CYTB were used to analyze mitochondrial DNA (mtDNA) content with the ViiA 7 system (Applied Biosystems). Samples were analyzed in duplicate and normalized to the quantity of the nuclear gene RNAseP (4316831; Applied Biosystems).
Statistics
Comparisons between discordant twins and individuals in case-control cohort 2 are based on paired Wilcoxon statistics. To account for multiple testing, we applied false discovery rate (FDR) analyses. Regression analysis was used to relate expression and methylation in discordant twins taking twin pair relationship into account. Mann-Whitney tests were used to analyze data in casecontrol cohort 1. CNV calling from whole-genome genotyping data were performed with the PennCNV software tool (26) . PennCNV implements a hidden Markov model that integrates signal intensity data and SNP allelic ratio distribution from the Illumina HumanOmniExpress chip. Heritability and common environmental influences (c 2 ) were estimated using DF analyses with double-entry twin data (27) .
RESULTS
Clinical Characteristics
The characteristics of subjects included in the study cohorts are shown in Table 1 . Fasting glucose (f-glucose) levels, glucose tolerance, and HbA 1c levels differed significantly between T2D and nondiabetic subjects. In discordant twins, BMI and fat percentage were significantly increased in subjects with diabetes, but the physical fitness level did not differ between co-twins. In twins used for heritability estimates, there were no differences in age, BMI, glucose levels, or HbA 1c levels between MZ and same-sex DZ twins.
Differential Expression in MZ Twins Discordant for T2D
Expression data were obtained from the adipose tissue of 12 twin pairs discordant for T2D. We first tested whether sets of related genes were altered in diabetic versus nondiabetic twins. The GSEA yielded 14 significant gene sets with downregulated expression and 17 gene sets with upregulated expression in adipose tissue from diabetic versus nondiabetic co-twins (q , 0.05; Table 2 ). Downregulated gene sets include pathways involved in oxidative phosphorylation and amino acid, carbohydrate, and lipid metabolism; and upregulated gene sets include pathways involved in inflammation and glycan metabolism. Genes contributing to the enrichment for significant gene sets are presented in Supplementary Tables 1 and 2 . Moreover, selected gene sets representing metabolism and immune system pathways are shown in Fig. 1A .
We next tested whether the expression of individual genes was altered in adipose tissue from diabetic versus nondiabetic co-twins. After FDR correction, 197 individual genes were found to be differentially expressed in diabetic versus nondiabetic co-twins (q , 0.15; Supplementary Table 3 ). One hundred sixteen of these genes , n = 30) NGT subjects. F: Reduced mtDNA content in adipose tissue from diabetic compared with nondiabetic co-twins. Three mitochondrial genes, CYB, ND6, and RNR2, were quantified by qPCR and normalized to the quantity of the nuclear gene RNAseP. Data are shown as the mean 6 SD. *P < 0.05 compared with nondiabetic/NGT. a.u., arbitrary units. For Affymetrix expression data, while log2 intensity values after robust multiarray average data processing and normalization were used for all statistical analyses, unlogged expression values are plotted in the figures.
were upregulated, and 81 genes were downregulated in diabetic twins. The expression differences of these genes range from 5% to 43% (Supplementary Table 3) . A post hoc power calculation to detect expression differences of $5% is presented in Supplementary Table 4 . Furthermore, genes with the largest expression differences between diabetic and nondiabetic co-twins (P , 0.05) are shown in Table  3 . Six genes were technically validated by quantitative realtime PCR (qPCR) in the adipose tissue of twins with array data. We observed significant correlations between the two methods for each gene (r = 0.76-0.97, P , 0.0001; Supplementary Fig. 1) , and there were significant differences between diabetic and nondiabetic co-twins with fold differences of the same magnitude for qPCR compared with array data (Fig. 1B and C) .
We proceeded to investigate whether genes previously linked to obesity and T2D in published genome-wide association studies (GWASs) (P , 1.0 3 10 25 [www .genome.gov/gwastudies, accessed 22 August 2012]) were differently expressed in adipose tissue from twins discordant for T2D. These genes are associated with these traits through SNPs, which may be located in intergenic regions, and they do not need to have functional evidence as causal genes for obesity or T2D. We found 27 of 144 obesity genes with differential expression in adipose tissue from discordant twins (e.g., IRS1 and VEGFA, P , 0.05; Supplementary Table 5 ). This was more than expected (P = 0.02, x 2 test). Among the 87 T2D candidate genes, 8 were differentially expressed in discordant twins (e.g., PPARG and GLIS3, P , 0.05; Supplementary Table 6 ). This was not more than expected (P = 0.4, x 2 test). As some candidate genes are associated with both obesity and T2D, the differentially expressed candidate genes correspond to 33 unique genes.
The binding of transcription factors to promoter regions is an important mechanism by which expression is regulated. We searched for over-representation of DNA binding motifs in promoter regions of the 197 differentially expressed genes presented in Supplementary Table 3 using Pscan (28) and the JASPAR database (29). We found a significant enrichment for sites binding to KLF4, SP1, PAX5, EGR1, and INSM1 (Supplementary Table 7) . Among these, SP1 showed a 6.1% decreased expression in the adipose tissue of diabetic twins (P = 0.009).
Biological Validation of mRNA Expression
To biologically validate our findings in discordant twins, we analyzed the expression of six selected genes in adipose tissue from unrelated subjects with NGT or T2D (casecontrol cohort 1). The selected genes have known functions related to fat metabolism (ELOVL6 and FADS1) (30, 31) , glucose metabolism (GYS2) (32) , or inflammation (SPP1 [OPN], CCL18, and IL1RN) (33-35); and were selected from the genes contributing to the enrichment scores of GSEA and/or from the list of most downregulated and upregulated genes in discordant twins. All six genes could be validated, and showed significant expression differences between unrelated patients with diabetes and nondiabetic subjects in the same direction as the discordant twins ( Fig.  1B and D) . This was also true when excluding obese subjects (BMI .30 kg/m 2 ) and only comparing nonobese NGT with nonobese T2D subjects (Supplementary Table 8 ).
Since the unrelated NGT subjects have a broad BMI range, we further examined the impact of obesity on the expression of these six genes by comparing nonobese and obese NGT subjects. Their characteristics are presented in Supplementary Table 9 . ELOVL6 and GYS2 had significantly lower expression, and SPP1 and IL1RN had significantly higher expression in obese versus nonobese NGT subjects (Fig. 1E) . Additionally, the expression of all genes correlated significantly with BMI and/or glucose levels in NGT subjects (Supplementary Table 10 ).
mtDNA Content in Discordant Twins
Since the expression of genes representing oxidative phosphorylation is decreased in adipose tissue of T2D twins (Table 2 and Fig. 1A ), we quantified mtDNA content to follow up these results. The mtDNA content was reduced in adipose tissue from diabetic versus nondiabetic co-twins (Fig. 1F) , which is in line with our expression results.
CNVs in Discordant Twins
CNVs may contribute to phenotypic variation in twins (36) . We therefore analyzed CNVs in MZ twins discordant for T2D and filtered CNVs present in two or more individuals of the same status. We identified six different CNVs, including three that were present only in diabetic twins and three present only in nondiabetic twins (Table 4) .
Global DNA Methylation in MZ Twins Discordant for T2D
We next studied the global DNA methylation pattern with the Infinium HumanMethylation450 BeadChip in adipose tissue from 14 twin pairs discordant for T2D. After quality control (QC) and filtering, methylation data were obtained for 480,403 CpG sites. To evaluate the global human methylome in adipose tissue, we calculated the average level of methylation for all sites divided into groups based on either their location in relation to the nearest gene ( Fig. 2A) or the location in relation to CpG islands (Fig.  2B) (24) . There were no significant differences in average DNA methylation for these regions between diabetic and nondiabetic co-twins. While the average methylation level was high within the gene body, 39 untranslated region (UTR), and intergenic regions, it was low in TSS1500, TSS200, 59 UTR, and the first exon ( Fig. 2A) . Moreover, the methylation level was low within CpG islands and intermediate within shores, whereas shelves and open sea showed the highest methylation levels (Fig. 2B) .
To visualize the overall relationship between DNA methylation profiles of individuals, both within and between twin pairs, hierarchical cluster analysis was applied to the methylation data using all CpG sites that passed QC and Table 11 ). Of those, 11,494 sites had increased methylation, and 11,976 sites had decreased methylation in diabetic twins. Moreover, 3,670 sites had an absolute difference in methylation of $3%. However, none of these differences remained significant after FDR correction, and the number of differences (23,470) is not more than that expected by chance. A post hoc power calculation to detect absolute methylation differences of $3% is presented in Supplementary Table 4 . These data suggest either that there are limited differences in methylation between patients with diabetes and nondiabetic subjects or that DNA methylation in human adipose tissue is highly heritable. We therefore proceeded to test whether we could identify methylation differences in adipose tissue from unrelated subjects with T2D compared with nondiabetic subjects, matched for age and sex (case-control cohort 2; Table 1 ). After QC and filtering, the Infinium array generated methylation data for 481,086 sites. We found 71,074 sites (;15%) with differential DNA methylation at P , 0.05 in adipose tissue from case-control cohort 2. This is almost three times more than that expected by chance (P , 0.0001, x 2 test). After FDR analysis, 15,627 sites representing 7,046 unique genes were found to be differentially methylated in patients with diabetes versus nondiabetic subjects (q , 0.15; Supplementary Table 12 ). The absolute differences in DNA methylation between patients with diabetes and nondiabetic subjects are illustrated in Fig.  2D and E. While 6,754 sites showed increased methylation, 8,873 sites showed decreased methylation in patients with diabetes ( Fig. 2D and E) . Moreover, CpG sites with differential methylation were over-represented among sites with 20-70% methylation ( Fig. 2F and G) , suggesting that sites with an intermediate degree of methylation are more likely to change. We analyzed the distribution of differentially methylated sites in patients with diabetes versus nondiabetic subjects at q , 0.15 (Supplementary Table 12 ), based either on their relation to gene regions (Fig. 2H) or their relation to CpG islands (Fig.  2I) . Differentially methylated sites were over-represented in the gene body and open sea, and under-represented in TSS1500, TSS200, and CpG islands compared with the probe distribution on the array (Fig. 2H and I) . Moreover, Chr, chromosome. CNVs were called if they had at least five SNPs, were detected in only one of the twins in a pair, and were seen at least in two or more diabetic or nondiabetic individuals.
DNA and genotype data for the CNV analysis were available from 19 MZ twin pairs discordant for T2D.
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Figure 2-Impact of T2D on DNA methylation in human adipose tissue. Global DNA methylation in human adipose tissue of nondiabetic and T2D co-twins is shown for the nearest gene regions (A) and CpG island regions (B). Global DNA methylation is calculated as the average DNA methylation based on all CpG sites in each annotated region on the Infinium HumanMethylation450 BeadChip and is shown as the mean 6 SD. TSS, proximal promoter, defined as 200 or 1,500 bp upstream of the transcription start site. Shore, flanking region of CpG islands (0-2,000 bp); Shelf, regions flanking island shores (2,000-4,000 bp from the CpG island). N, northern; S, southern. C: Cluster dendogram to visualize the overall relationship between DNA methylation profiles of individuals in the discordant twin cohort. Contr, nondiabetic subject; F, female; M, male. The cluster dendogram was generated using a hierarchical cluster analysis in R (http://stat based on the Illumina annotations, differentially methylated sites were over-represented in enhancer regions (31% of significant sites compared with 21% of analyzed sites, P , 0.0001, x 2 test). To gain biological relevance of methylation differences in adipose tissue from unrelated patients with diabetes versus nondiabetic subjects, we performed a KEGG pathway analysis of the 7,046 genes that exhibit differential methylation at q , 0.15 (Supplementary Table 12 ) using WebGestalt. Pathways involved in inflammation, glycan metabolism, cancer, Wnt signaling, and mitogen-activated protein kinase signaling were among those significantly enriched (Fig. 2J and Supplementary Table 13) .
We also examined whether candidate genes for T2D and/or obesity, previously identified by GWAS (P , 1.0 3 10 25 [www.genome.gov/gwastudies]), exhibit differential methylation in adipose tissue of unrelated patients with diabetes versus nondiabetic subjects. We found differential methylation in 123 sites (q , 0.15) representing 50 T2D candidate genes including IRS1, PPARG, KCNQ1, and TCF7L2 (Supplementary Table 14 and Fig. 2K ). This is more than expected (P = 0.002, x 2 test). Moreover, 127 sites representing 65 candidate genes for obesity were differentially methylated in case-control cohort 2 (q , 0.15, P = 0.5, x 2 test; Supplementary Table 15 ). We then tested whether known risk factors for T2D, including obesity and hyperglycemia, affect DNA methylation of the 15,627 CpG sites differentially methylated in case-control cohort 2, already in nondiabetic subjects. BMI and f-glucose were associated with differential DNA methylation of 1,270 and 512 CpG sites, respectively (Supplementary Tables 16 and 17) . Importantly, ;91% of the CpG sites that exhibit differential DNA methylation due to increased BMI or glucose levels in nondiabetic subjects changed in the same direction as methylation in patients with diabetes.
We proceeded to test whether any of the sites that exhibit differential methylation in case-control cohort 2 (q , 0.15; Supplementary Table 12) also exhibit differential methylation in adipose tissue of the discordant twins at P , 0.05 (Supplementary Table 11 ). Of 15,627 differentially methylated CpG sites in case-control cohort 2, 1,410 sites were also differentially methylated in the same direction in the discordant twins (P , 0.05; Supplementary Table 12 ). This overlap is almost twice as much as expected (P , 0.0001, x 2 test). Based on the potential problem with cross-reactive Infinium probes (37), we tested whether any of the probes that detected differential methylation in our cohorts crossreact to alternative genomic locations (Supplementary  Tables 11 and 12 ). Importantly, only 25 and 10 possibly cross-reactive probes, respectively, have a perfect match to another location in the genome in the discordant twins and case-control cohort 2. Additionally, we found fewer SNP probes than expected (Supplementary Table 12 ; P , 0.0001, x 2 test).
Expression in Case-Control Cohort 2
We next analyzed the expression of two genes, S100A4 (encoding S100 calcium-binding protein A4) and SLC37A2 (encoding glucose-6-phosphate transporter), in adipose tissue from the unrelated subjects in case-control cohort 2. These genes were selected based on the following criteria: they exhibit differential expression in the discordant twins (q , 0.15; Fig. 3A and C) , as well as differential methylation in both the discordant twins (P , 0.05; Fig. 3B and D) and case-control cohort 2 (q , 0.15; Fig. 3B and D) . In agreement with our expression data in discordant twins, we also found increased expression of S100A4 and SLC37A2 in patients with diabetes in case-control cohort 2 ( Fig. 3A and C).
Heritability of DNA Methylation in Human Adipose Tissue
To further investigate the genetic contribution to global methylation variability, we studied genome-wide DNA methylation in adipose tissue from 10 MZ and 10 samesex DZ twin pairs with NGT (Table 1) . We also included 20 unrelated individuals with NGT, pairwise matched for age and sex, in this analysis. The genome-wide methylation data correlated more strongly in MZ versus DZ twin pairs, while the weakest correlation was found in unrelated individuals (Fig. 4A) , supporting a genetic impact on adipose tissue DNA methylation. When we estimated correlations for methylation including only 15,627 sites differentially methylated in case-control cohort 2, correlations were .ethz.ch/R-manual/R-patched/library/stats/html/hclust.html). The absolute differences in DNA methylation of 15,627 individual sites, including 6,754 sites with increased (D) and 8,873 sites with decreased (E) DNA methylation in 28 diabetic subjects compared with 28 nondiabetic unrelated subjects in case-control cohort 2. The degree of DNA methylation in adipose tissue of the 28 nondiabetic subjects is shown for the 6,754 CpG sites with increased DNA methylation (F) and the 8,873 CpG sites with decreased DNA methylation (G) in 28 diabetic compared with 28 nondiabetic unrelated subjects in comparison with the degree of methylation of all analyzed CpG sites using the Infinium HumanMethylation450 BeadChip. Distributions of individual sites that exhibit differential DNA methylation in adipose tissue from 28 diabetic compared with 28 nondiabetic unrelated subjects in relation to nearest gene regions (H) and CpG island regions (I). The distribution of the significant sites compared with the distribution of all analyzed sites on the Infinium HumanMethylation450 BeadChip is significantly different (P values) from what is expected by chance based on x 2 tests (P chi2 ). J: Significantly enriched KEGG pathways (FDRadjusted P values <0.05) of genes that exhibit differential methylation in adipose tissue from 28 diabetic vs. 28 nondiabetic unrelated subjects. ECM, extracellular matrix; MAPK, mitogen-activated protein kinase; VEGF, vascular endothelial growth factor; GnRH, gonadotropin-releasing hormone; RI, receptor 1. K: Differential DNA methylation of IRS1, PPARG, KCNQ1, and TCF7L2 in adipose tissue from 28 diabetic vs. 28 nondiabetic unrelated subjects. The three most significant sites for each gene are presented. Data are shown as the mean 6 SD. *q < 0.15 compared with nondiabetic subjects.
weaker but still strongest in MZ twins (Fig. 4B) . We next estimated heritability values (27) for DNA methylation in adipose tissue of 10 MZ and 10 DZ twin pairs with NGT. While heritability was 0.18 when using the average degree of methylation of all analyzed sites on the array, heritability was 0.28 when only the 15,627 differentially methylated sites (identified in case-control cohort 2) were included. This is in agreement with the results of a previous study (38) . Also after removing CpG sites directly affected by SNPs (37) from this analysis, heritability values were 0.18 and 0.28, respectively. The influence of shared environmental factors on the methylation pattern was low (c 2 = 0.07 for all sites; c 2 = 0.08 for 15,627 differentially methylated sites). This is also in agreement with the findings of Grundberg et al. (38) .
Associations Between DNA Methylation and Expression
Epigenetic modifications have been associated with transcriptional regulation (8, 16, 39) . Therefore, we related mRNA expression with DNA methylation for the 197 differentially expressed genes in Supplementary Table 3 . DNA methylation of 266 sites, corresponding to 103 genes, were significantly associated with expression in the discordant twins at q , 0.15 (Supplementary Table  18 ). Additionally, among the genes with largest expression differences between diabetic and nondiabetic cotwins (Table 2) , there were significant associations between methylation and expression for 20 sites corresponding to 11 genes (Supplementary Table 19 ). Among differentially expressed obesity and T2D candidate genes (Supplementary Tables 4 and 5) , there were significant associations between methylation and expression for 65 sites corresponding to 17 genes (Supplementary Table 20) . Representative associations between methylation and expression are shown in Fig. 3E and F. DNA methylation is known to regulate expression in different ways, depending on the location of CpG sites (39) . Hence, we examined the genomic location of CpG sites where methylation correlated with expression ( Fig. 3G-J) . Methylation sites showing inverse relationships with expression were over-represented in promoter regions, whereas methylation sites showing positive relationships with expression were over-represented in gene bodies and 39 UTRs (Fig. 3G and H) , which is in agreement with the current literature (39) . We next examined whether the expression of genes that may contribute to the regulation of DNA methylation was altered in the discordant twins. While TET1 expression was decreased in patients with diabetes (q , 0.15), numerous other candidate genes were only nominally regulated (Supplementary Table 21 ).
Replication of Methylation Data
We finally tested whether we could replicate findings from a previous study (13) in which methylation was analyzed with the Illumina 27k array. After correction for multiple testing, Ribel-Madsen et al. (13) identified two CpG sites with methylation differences of .3% in adipose tissue of five twin pairs discordant for T2D. These sites were also differentially methylated in the discordant twins included in our study (Supplementary Fig. 2 ).
DISCUSSION
Despite the awareness of lifestyle factors in modulating the risk of T2D, the molecular mechanisms behind such acquired effects remain largely unknown. In this study, we capitalized on the strengths of a twin study design to present for the first time both genome-wide mRNA and DNA methylation profiles in adipose tissue from MZ twin pairs discordant for T2D. There was a significant enrichment of gene expression disruption to pathways relevant in oxidative phosphorylation; and carbohydrate, amino acid, and lipid metabolism in diabetic co-twins. In addi tion to decreased expression of numerous genes with key functions in mitochondria, diabetic twins also displayed reduced mtDNA content. Disturbed mitochondrial metabolism in adipose tissue has been suggested to shift lipid storage into other tissues, such as skeletal muscle, liver, and pancreas, resulting in severe insulin resistance (40) .
Metabolic disorders related to obesity-associated insulin resistance have been characterized by an increased influx of inflammatory cells into adipose tissue (41) . Here, we found increased expression of four gene sets related to the immune system in adipose tissue from diabetic twins. The most over-expressed gene in adipose tissue of diabetic co-twins was SPP1 encoding the inflammatory cytokine osteopontin, which recruits macrophages into adipose tissue and stimulates T-cell proliferation during inflammation (34) . Mice lacking osteopontin are protected against developing insulin resistance despite dietinduced obesity (42) . Recent human studies (43) suggest a link between gastric inhibitory polypeptide and osteopontin in adipose tissue and insulin resistance. Interestingly, SPP1 was over-expressed in adipose tissue of the obese co-twin in healthy MZ twin pairs discordant for BMI (44), suggesting that this defect is present before the development of overt T2D. This was further supported by our biological validation experiments where SPP1 expression was increased in adipose tissue from obese versus nonobese NGT individuals.
Furthermore, GYS2, ELOVL6, and FADS1 were the most downregulated genes in adipose tissue from diabetic twins. Our follow-up analysis in an independent casecontrol cohort confirmed the decreased expression of these genes in patients with T2D. GYS2 encodes the rate-limiting enzyme in the synthesis of glycogen in adipose tissue, which permits continued uptake of glucose into cells (32) . Adipose tissue glycogen serves as a source of glycerol 3-phosphate, which is required for esterification (or reesterification) of fatty acids into triglycerides. ELOVL6 encodes a key enzyme involved in the elongation of long-chain fatty acids (31) , and FADS1 encodes an enzyme that introduces double bonds into growing fatty acid chains (30) . Interestingly, recent GWASs (45-47) have identified SNPs near FADS1 that are associated with conditions of altered metabolism, including f-glucose, dyslipidemia, and circulating sphingolipid levels. Our findings of decreased GYS2, ELOVL6, and FADS1 expression in adipose tissue from patients with diabetes could potentially explain the reduced glucose uptake and impaired ability to store lipids in the adipose tissue of these individuals.
Unsupervised clustering proposed a large genetic contribution to the methylation variability as the affected twin from the pair discordant for T2D was epigenetically Figure 3 -Associations between DNA methylation and gene expression in human adipose tissue. S100A4 mRNA expression (A) and DNA methylation (B) differ significantly between diabetic compared with nondiabetic subjects both in the discordant twins and in case-control cohort 2. SLC37A2 mRNA expression (C) and DNA methylation (D) differ significantly between diabetic compared with nondiabetic subjects both in the discordant twins and in case-control cohort 2. Data are shown as mean 6 SD. E: mRNA expression of CTSZ correlates negatively with DNA methylation of cg18563860 located in TSS1500 of the gene, in adipose tissue from T2D discordant twins. F: mRNA expression of CHPT1 correlates positively with DNA methylation of cg15068132 located in gene body, in adipose tissue from T2D discordant twins. *P < 0.05 compared with nondiabetic/NGT. a.u., arbitrary units. Distribution of individual CpG sites located in or near genes that exhibit differential expression in T2D discordant twins and that show an inverse (G) or positive (H) relationship between DNA methylation and mRNA expression in the discordant twins in relation to their functional genome distribution. Distribution of individual CpG sites located in or near genes that exhibit differential expression in T2D discordant twins, and that show an inverse (I) or positive (J) relationship between DNA methylation and mRNA expression in the discordant twins in relation to CpG island regions. N, northern; S, southern. The distribution of the significant sites compared with the distribution of all analyzed sites on the Infinium HumanMethylation450 BeadChip is significantly different (P value) from what is expected by chance based on x 2 tests (P chi2 ).
"closer" to his/her unaffected co-twin than to the other diabetic twins. In further support of a large genetic contribution, the methylation data correlated strongest within healthy MZ twin pairs compared with DZ twins and unrelated individuals. Our heritability estimates also support genetic effects. This is in line with a previous study (48) in which we showed that T2D SNPs affect DNA methylation in human pancreatic islets. Others have also proposed strong genetic effects on the DNA methylation pattern (13, 38, 49, 50) . However, 15,627 CpG sites in/near ;30% of all genes exhibited differential methylation in adipose tissue from a case-control cohort of unrelated individuals, supporting a key role for epigenetic modifications in T2D patients. Moreover, 1,410 of these 15,627 sites were also differentially methylated in the discordant twins and ;50% of the differentially expressed genes in discordant twins were associated with DNA methylation. These results support the idea that DNA methylation affects the phenotype in adipose tissue from discordant twins too. Additional epigenetic mechanisms such as histone modifications or microRNAs may also play a role in the twins. However, this remains to be investigated in future studies. The identification of CNVs in the discordant twins provides an additional potential explanation for phenotypic variation within MZ twin pairs. Protein glycosylation is a common post-translational modification. Seven significantly upregulated gene sets in diabetic twins belong to glycan biosynthesis and metabolism. Interestingly, we also found enrichment of differentially methylated genes related to glycan metabolism in the pathway analysis in adipose tissue from unrelated patients with diabetes versus nondiabetic subjects. Nglycosylation is important for efficient trafficking of GLUT4 to its proper compartments in adipocytes (51), suggesting one mechanism by which dysregulation of these genes could contribute to T2D.
MZ twin pairs discordant for T2D are rare, and our relatively small sample size increases the risk of type II errors. More genes may have been identified in a larger cohort. However, we were able to validate eight of eight of our most differentially expressed genes in unrelated casecontrol cohorts, suggesting that our results represent true findings with biological relevance in people other than twins. It is difficult to draw conclusions about causality for differentially methylated and expressed genes in case-control cohorts. The ideal study design would be to longitudinally assess methylation and expression changes in adipose tissue during an individual's transition into disease. However, genes analyzed in our replication cohort already had differential expression in obese versus nonobese NGT subjects. Additionally, BMI and/or glucose levels correlated with expression and/or methylation in nondiabetic subjects. Obesity increases the risk for T2D, and, hence, it is possible that altered expression and/or methylation of these genes may contribute to the development of T2D.
In conclusion, our study adds to the understanding of molecular mechanisms that contribute to T2D. Decreased expression of genes involved in energy metabolism and increased expression of inflammatory genes in adipose tissue accompany T2D. Importantly, our expression results from twins discordant for T2D could be replicated in case-control cohorts of unrelated subjects, showing the importance of our findings to the general population. Finally, our study highlights the importance of epigenetics in T2D as adipose tissue from unrelated subjects with the disease exhibit genome-wide methylation changes. 
